Background. As information about the health risks associated with air pollution has become available, attention has focused increasingly on susceptible persons such as children and persons with preexisting respiratory diseases, such as asthma. Methods. We investigated the association between outdoor air pollution and asthma attacks among children under 15 years of age in Seoul, Korea. We estimated the relative risks of hospitalization associated with an interquartile range (IQR) increase in pollutant concentrations and used time series analysis of the counts by means of the generalized additive Poisson model. Results. The estimated relative risk of hospitalization for asthma was 1.07 (95% confidence interval [CI] ϭ 1.04 -1.11)
A s information about the health risks associated with air pollution has become available, attention has focused increasingly on susceptible persons such as the elderly, children, and persons with preexisting respiratory diseases (eg, asthma and chronic obstructive pulmonary disease). Previous laboratory studies have shown that individuals with asthma are sensitive to air pollution [1] [2] [3] and have suggested that when people with asthma are exposed to air pollution, they may develop more intense respiratory tract inflammation than healthy people. 4 -5 Epidemiologic investigations have also shown that children with a history of asthma or wheezing exhibit increasing rates of bronchitis when exposed to higher levels of air pollution. 6 -8 During this 2-year study, we ascertained all hospital admissions for children living in Seoul, Korea, as well as daily levels of air pollutants and weather conditions. Our objective was to estimate the association between ambient air pollution and hospital admissions for asthma among children 14 years of age or younger.
Methods
The Korea Medical Insurance Corporation collects standardized reports from all hospitals for each admission of all residents in the nation. Using these data, we constructed daily counts of admissions for asthma (ICD-10 codes J45-J46) for each day from 1 December 1997 to 31 December 1999. Regulations of the Corporation require that records be kept for at least 25 months. Therefore, we used only 25 months' data for this study because older data were difficult to retrieve. In this analysis, we include only patients younger than 15 years of age who lived in Seoul during the study period.
Using standardized reference methods, ) and for airborne particles less than or equal to 10 m in aerodynamic diameter (PM 10 ). In Seoul there are 27 monitoring stations that cover nearly all areas of the city. We used 24-hour means of the measurements in the analyses, except for O 3 and CO, for which we took the maximum hourly levels. The National Meteorological Agency provided daily mean temperatures and relative humidity for Seoul during this period.
We conducted time-series analysis of the counts by means of a generalized additive model (GAM) with a log link and Poisson error allowing for over-dispersion. LOESS, a moving regression smoother, was applied to remove the long-term time trends of air pollution levels and weather variables. Akaike's information criterion (AIC) 9 was used to determine the best span for the LOESS smoother. Autoregressive terms were also added in the model to remove the serial correlations of the residuals. We reported the effect of each pollutant in units of its interquartile range (IQR) in the daily averages (for PM 10 , SO 2 , and NO 2 ) and the maximum hourly levels (for O 3 and CO).
The results of many recent daily time-series studies have indicated that the increased health risks occur concurrently with, or within 1-5 days after, an increase in air pollution. To determine the appropriate lag time(s) of pollutants, we selected for each pollutant the lag time(s) demonstrating the highest association with the asthma-related hospital admission. The selected lag condition was confirmed based on the AIC as well. As illustrated in Table 1 , we first took the average of 2-and 3-day lags for SO 2 as the potential lag condition because the estimated coefficient was the highest. This was later made firm based on the AIC (Table 1) . We applied the same procedure for other pollutants.
Results
Over the 822-day period of study, there were 6436 asthma-related hospital admissions. The daily mean number of hospital admissions for asthma-related diseases was 7.8 (standard deviation ϭ 4.8; Table 2 ).
Levels of PM 10 in Seoul have decreased over the last several years. The daily mean PM 10 concentrations were below the current recommended level in Korea, averaging 64 g/m 3 ( Table 2 ). Concentrations of gaseous pollutants were also below the current recommendations for air quality in Korea. O 3 concentration was negatively correlated with all other pollutants except PM 10 ( Table 3 ). The correlations between PM 10 and gaseous pollutants, except O 3 , were relatively high, indicating the potential for the confounding of one pollutant by another. NO 2 was highly correlated with all other pollutants, except O 3 . Table 4 shows the results of adding one or two pollutants to the basic regression model. The basic model includes the following variables: an intercept; a smooth spline function of time; weekdays; and a given day's weather variables, such as air temperature and relative humidity. Each pollutant, with various lagged conditions (the 1-day lag for PM 10 and O 3 ; an average of 2-and 3-day lags for the other gaseous pollutants), was a risk factor for asthma hospital admission ( Table 4 ). The estimated effects, reported as the percentage change in hospital admissions associated with an increase in pollutant level approximately equal to the interquartile range (40.4 for PM 10 , 4.4 ppb for SO 2 , 14.6 ppb for NO 2 , 21.7 ppb for O 3 , 1.0 ppm for CO) were as follows: 7% (95% confidence interval [CI] ϭ 4%-11%) for PM 10 , 11% (95% CI ϭ 6%-17%) for SO 2 , 15% (95% CI ϭ 10%-20%) for NO 2 , 12% (95% CI ϭ 7%-16%) for O 3 , and 16% (95% CI ϭ 10%-22%) for CO.
In the multipollutant models, we considered the same lag conditions for each pollutant as in the single-pollutant model. When we considered NO 2 and one of the other pollutants together in a multipollutant regression model, the effect estimates of the other pollutant (except O 3 ) were changed from the one-pollutant models ( Table 4 and 5). As we expected from the correlation analysis of the air pollutants, co-linearity between NO 2 and PM 10 , and SO 2 and CO (correlation coefficients, r Ͼ 0.7) could explain the changes in the estimates of the other pollutant in the two-pollutant models when NO 2 was introduced. From the multipollutant model, we found that the effect size of NO 2 and O 3 did not vary among the regression models (singleand multipollutant models), which suggested that the effect of these pollutants on hospital admissions for asthma-related diseases among children was not confounded by the other pollutants (Table 4 and 5).
Discussion
This study gives some support to the hypothesis that exposure to gaseous air pollutants exacerbates the risk of asthma in children even at relatively low levels of exposure. Control for other pollutants in the multipollutant models did not change the estimated effect size for O 3 and NO 2 .
Ozone has been associated with an increase in the risk of hospital admissions or emergency department visits. 10 -12 Several studies have also suggested that exposure to NO 2 is associated with an increase in the risk of respiratory illness in children with asthma. [13] [14] [15] These findings are consistent, including the results of the present study, and indicate that the associations of respiratory illness with ozone and NO 2 concentrations are probably not attributable to confounding by weather or other pollutants.
A number of studies have reported an association between increased levels of particulate matter and visits to the emergency department for asthma. 8,16 -19 However, we observed that the effect of PM 10 was not consistent in various regression models (single-and multipollutant models), perhaps attributable to the co-linearity.
A proposed mechanism by which air pollutants exert their health effects involves the production of a large amount of reactive oxygen species in the respiratory tracts by some exogenous oxidants such as air pollutants. 20 These oxygen species may cause epithelial damage and trigger the inflammatory processes that play a role in asthma attacks. In addition to this direct effect of air pollutants on people with asthma, investigators have reported that air pollutants may interactively modulate the bioavailability of airborne allergens [21] [22] [23] and therefore amplify the response of an allergic asthmatic to outdoor allergens. 24 This study reinforces the possible role of particles and SO 2 on asthma attacks, although it should be interpreted with caution because the relative risks are close to the null and because the results in the multipollutant models are inconsistent. The consistent findings on NO 2 and O 3 effects indicate that these pollutants, by themselves or as a surrogate of a complex mixture of traffic exhaust emissions, may play an important role in the exacerbation of asthma. Children with asthma appear to be a population at particular risk to the inhaled effects of air pollution at concentrations that commonly occur in most countries. 
